Neurofibromas are the most prevalent seen tumor in the neurofibromatosis type 1 (NF1) disease. Spinal neurofibromas, which are the major diagnostic criteria of disease, are seen in approximately 60% of the patients with NF1. They constitute 23% of all of the spinal tumors. While the spinal neurofibromas most frequently show a location in thoracic region, it is followed by their predilection in cervical and lumbar regions, respectively. The spinal neurofibromas located in the sacral region are quite rarely observed and show an asymptomatic course until reaching to the big sizes. Of these spinal neurofibromas, 72% were with intradural extramedullary, 14% with extradural, and 13% with intradural and extradural "dumbbell formation." Only 1% of the spinal neurofibromas are intramedullary located. The total taking of the single solitary neurofibroma surgically is relatively easier. But, the difficulties can be encountered in taking these tumors surgically since they are characterized by the multiple tumors in the plexiform neurofibromas, especially accompanying to the NF1. In this chapter, the surgical difficulties encountered in the region in which the tumor is localized and different surgical approaches are developed in the course of time in order to exceed these difficulties are described.
Introduction
The close follow-up is clinically and radiologically suggested in the asymptomatic spinal neurofibroma cases that do not make pressure on the spinal cord and important nerve roots. But, surgical tumor resection is preferred in the tumors showing rapid growth and/or causing the progressive neurodeficits. The total taking of the single solitary neurofibroma surgically is relatively easier. But, the difficulties can be encountered in taking these tumors surgically since they are characterized by the multiple tumors in the plexiform neurofibromas, especially accompanying to the NF1. Different surgical approaches had been described for the tumor's total resection in the spinal neurofibroma cases, in which the surgical difficulty is observed at most and which show a dumbbell formation. While a single-stage posterior approach was used for dumbbell tumors having a small extraspinal component, the single-stage combined posteroanterior approach had been preferred in those having a big extraspinal component. In time, the two-stage combined posteroanterior approach had been started to be used instead of the 2. Neurofibromatosis type 1
Epidemiology of the NF1
The neurofibromatosis expressing a tumor-predisposing syndrome group is characterized especially by the tumors found in the CNS and peripheral nervous system. NF1 constituting 96% of the neurofibromatosis patients is the most frequently seen form. It is followed by the neurofibromatosis type 2 with the rate of 3% and Schwannomatosis recently defined. The NF1, of which its most extensive definition had been made by Friedrich von Recklinghausen in 1882 for the first time, is named with "von Recklinghausen disease." Moreover, since it is described by the multiple neurofibromas that are one of the peripheral nerve sheath tumors with benign character, they are also named as the "peripheral neurofibromatosis." The NF1, the most frequently seen phakomatosis, shows an autosomal dominant hereditary transmission, and its prevalence incidence is approximately 1 per 2500-3000 births [1, 2] .
Natural history and genetic alterations of the NF1
The gene that is responsible for the NF1 formation is found in the 17q11.2 chromosome and contains 280 kbp DNAs. The tumor is a suppressor gene. The NF1 gene provides the synthesizing protein named as the "neurofibromin" that is found in Schwann cell at a high level and acts as a tumor suppressor [3] . Neurofibromin, which has an activating effect of the GTPaz, also regulates the cellular proliferation and differentiation by inactivating the RAS that is a cytosolic signal transduction proto-oncogene [4] . Neurofibromin level decreases in varying degrees in the "NF1 gene"mutations, and as a result, it leads to a formation of the various ectodermal and mesodermal tumors that are seen in the NF1 together with the different penetration types of NFs. In conclusion, the peripheral nerve sheath tumors frequently occur in particular to the neurofibroma. Moreover, prevalence incidence of the CNS tumors such as glioma, ganglioglioma, and neuroblastoma as well as the other malignancies such as leukemia, pheochromocytoma, Wilms tumor, and sarcoma increases [4, 5] . Fifty percent of the mutations in NF1 gene are in the form of spontaneous mutations of which family history is not found, and the remaining is in the form of hereditary mutations of which family history is found. Even though there are high penetration values in those having a hereditary mutation, the different phenotypic presentations can be observed between the family members due to the probable epigenetic modification [4] [5] [6] . One thousand and five hundred different NF1 gene mutations have been notified until today, while a slight phenotypic represented by the NF1 a serious phenotypic represented by the NF1 table had been observed when the 17q11.2 microdeletion was detected [7] .
Clinical presentations of NF1
Diagnosis in the NF1 bases upon the clinical criteria despite the progressions in the molecular genetics. The criteria listed for the NF1 clinical diagnosis had been determined in the "NIH Consensus Development Conference" in 1987 [8] (Table 1) .
Pigmentation abnormalities
Although these criteria observed in the NF1 show a variation between the patients according to the penetration type, at least two of the NIH criteria are found in 30% of the cases to the age of 1 and in 97% of the cases to the age of 8. The café au lait macules seen in 95% of the adult cases with NF1 are the skin macules that are found in an oval shape and are hyperpigmented and light brown colored. They can be observed during birth. But, its number and size increase in the first decade. Being found of the café au lait macule in number of 6 and more with the dimension of 5 mm or larger in the prepubertal period and 15 mm or larger in the postpubertal period according to the NIH criteria is in the common features of NF1. The café au lait macules, which are not only intrinsic to NF1, can be seen by the other genetic syndromes such as McCune Albright syndrome, Legius syndrome, and Silver-Russell dwarfism. The malign transformation potential is not found in these macules since they can be only seen in 10% of population [1, 2, 9] . Another pigmentation anomaly seen in the NF1 is axillary and inguinal freckling. These hyperpigmented spots that can also exist at birth come to existence afterward and are observed in 90% of the cases with NF1 under the age of 7 years [2] . The most frequently encountered eye finding in the adult patients with NF1 is Lisch nodules with the rate of 95%. Lisch nodules are asymptomatic, small, and superficial melanocytic hamartomatous nodules generally observed as multiple in the iris. They are observed in the shape of a dome and in the form of yellow-brown lesions in the slit-lamp examination [1, 10] .
Tumors of the optic pathway
The eye finding determined in patients with NF1 in the second frequently observed finding with the rate of 15% is an optic pathway glioma and takes part 1 The presence of six or more café au lait macules 5 mm or more in size during prepuberty or 15 mm or more in size during postpuberty between the important diagnosis criteria. The optic pathway glioma is the most frequently observed glioma type in patients with NF1. They are found in the lowgrade glial tumors (WHO grades I and II). The region, in which the optic pathway glioma is frequently localized, is prechiasmatic region. They are frequently presented in the form of an optic nerve pilocytic astrocytoma (WHO grade I). The visual field defects give the clinical finding such as a decrease in the visual acuity, proptosis, and diplopia in the optic pathway gliomas that are generally presented to the age of 7 [1, 6, 11, 12] . The brainstem glioma (pilocytic astrocytoma, WHO grade I), glioblastoma multiforme (GBM, WHO grade IV), and ganglioglioma (WHO grade I) can be enumerated between the other gliomas that are less frequently observed in the cases with NF1. The development risk of GBM having a quite aggressive course among them had increased approximately five times in the cases with NF1. The schwannomas and meningiomas originating from any cranial nerve sheath can be enumerated among the other intracranial tumors accompanying to the NF1.
Cognitive function disorders and NF1 bright object
One of the non-tumoral CNS lesions observed in patients with NF1 is the lesions named as "NF1 bright object," and they are observed at the rate of 43-93%. The hyperintense lesions, of which borders are significant in the magnetic resonance imaging (MRI) T2 sequences, are frequently localized in the subcortical white matter fields, basal ganglions, and capsula interna in the brain. These lesions named as the NF1 bright object are held responsible for cognitive malfunctions such as the mental retardation, learning disorder, and speech disorder observed in patients with NF1 [13, 14] .
Skeletal manifestations
The deformities observed in the various bones accompany to the cases with NF1. The most frequently observed skeletal deformity is kyphoscoliosis, which develops depending on the vertebral bone deformities, especially in the cervicothoracic region. The neurodeficits at various levels can be observed in the cases with NF1 depending on the rapid increase in the degree of kyphosis and scoliosis. Another vertebral bone anomaly observed at the rate of 10% is the dorsal scalloping in the vertebral bones. These tables develop independently from the spinal neurofibromas observed in the NF1 [15] . Moreover, the tumor's intraspinal part can cause the destruction on the intervertebral foramen walls when extending to the extraspinal cavities by passing through the intervertebral foramen in the spinal neurofibroma cases constituting the dumbbell formation, and in this case, the intervertebral foramen enlargement and thinning can be radiologically observed in the adjacent vertebra pedicles.
A thinning had been also observed in cortexes of the long bones such as the radius and tibia and between the other skeletal deformities observed in patients with NF1. The ptosis is accompanied by vitamin D levels in the bone densitometer, osteopenia, and laboratory tests made for patients with NF1 [12] . It had been determined that fracture development risk secondarily increased three to five times in the cases with NF1 according to the normal population in these tables [16] . Although the body rates were normal in many cases with NF1, the growth hormone insufficiency and pubertas praecox had been held responsible as the reason of short stature developed [12] .
Moreover, the anomalies also accompany to the cranial bones in the cases with NF1. The parieto-occipital bone defects, sphenoid wing dysplasia or aplasia, and pulsatile exophthalmia developed depending on the unilateral defect on the orbital superior wall are observed between them. Moreover, the head asymmetry, macrocephaly, and mandibular bone deformities can be also accompanied [1, 10] .
Tumors of the gastrointestinal system
The tumoral formations are also observed in the gastrointestinal system in patients with NF1. The most frequently accompanying tumor to the NF1 is gastrointestinal stromal tumors with the rate of 25% between them [17] , and they occur as a result of the KIT and PDGFRA mutations. These tumors, of which sizes are small, do not generally give the clinical finding. Moreover, endocrine tumors of the gastrointestinal system such as somatostatinoma, gastrinoma, and insulinoma can be also observed in the cases with NF1. These tumors are most frequently in the tendency to localize in the periampullary region. However, the gastrointestinal system can be held by the focal or prevalent neurofibromas and present the clinical findings characterized by the internal organ dysfunction.
Nodular (intraneural), cutaneous (diffuse), and plexiform neurofibromas
The nodular neurofibromas (intraneural form), which are also named as solitary, are the most frequently seen form as sporadic independent from the NF1. The localization predilection is not found in the neurofibroma, which is most frequently seen in the third and fourth decades. Their borders are relatively significant and characterized by slow-growing tumors in an oval and elastic shape since they show an intraneural growth pattern in a single nerve. The nodular neurofibromas, which frequently originate from the dorsal nerve roots, are frequently presented by ache, hearing disorders, and power loss in the clinic [18, 19] .
The cutaneous neurofibromas (diffuse form) are seen in approximately 10% of the patients with NF1, located in the skin and subcutaneous tissue. They can be seen in the pedunculated and nodular forms or similar forms like the plaque. They are frequently observed in the neonatal and adolescent periods, and an increase is observed in their numbers together with the age [1, 11, 12, 18] .
The plexiform neurofibroma is the most frequently seen one with the rate of 30% in patients with NF1. They had taken this name since they presented a plexiform growth pattern in such a way that it would contain more than one fascicule, nerve, or plexus branches. The characteristic "worm bag" term had been also used for these tumors due to their surgical macroscopic appearances. They are characterized by fusiform-formed multiple neurofibromas observed throughout peripheral nerves. They frequently hold the main nerve body including the brachial and lumbar plexuses. If a big nerve is held in the extremities, they can also lead to a local giantism table in the extremity, which is named as the "elephantiasis neuromatosa." They frequently develop in the childhood period, and the plexiform neurofibromas, which make pressure to the adjacent tissues with the mass effect by showing a rapid growth tendency, are pathognomonic [1, 11] . Moreover, the plexiform neurofibromas contain the malign transformation potential differently from the cutaneous neurofibromas, and the transformation risk into the malign peripheral nerve sheath tumor (MPNST) varies between 5 and 10% [20] . Therefore, scanning should be made by the FDG-PET in order to make early malign transformation diagnosis in the cases, in which the growth or sudden change was determined in the plexiform neurofibroma size.
Spinal neurofibromas and dumbbell formation

Epidemiology of the spinal neurofibroma
The neurofibromas are the most prevalent seen tumor in the NF1 disease. The schwannoma, MPNST, meningioma, and astrocytoma from the other spinal tumors less often accompany the NF1 [6] . The spinal neurofibromas, which are the major diagnostic criteria of disease, are seen in approximately 60% of the patients with NF1 [2, 6] . They constitute 23% of all of the spinal tumors [18] . While the spinal neurofibromas most frequently show a location in the thoracic region, it is followed by their predilection in cervical and lumbar regions, respectively. The neurofibromas located in the sacral region are quite rarely observed and show an asymptomatic course until reaching to the big sizes [21] . Of these spinal neurofibromas, 72% were with the intradural extramedullary, 14% with the extradural, and 13% with the intradural and extradural "dumbbell formation." Only 1% of the spinal neurofibromas are intramedullary located [22] .
Dumbbell formation of the spinal neurofibroma
The tumor's intraspinal component extends throughout the peripheral segment in the extraspinal distance of the nerve through the intervertebral foramen in the dumbbell spinal neurofibroma, of which total resections have difficulty with the neurosurgical techniques required for the multidisciplinary-combined approaches. The extraspinal tumor part is usually larger than the intraspinal tumor part and can reach the giant sizes. The huge dumbbell tumors are generally in a lobule shape and show a cystic degeneration [1, 11] .
The extraspinal tumor component can adhere to the adjacent tissue and organs in the body cavities and also gives the clinical finding through the pressure effect. The extraspinal tumor component's serious respiratory problems are more frequently observed as a result of the pressure of lung parenchyma to the bronchus and bronchioles in the chest cavity due to especially thoracic region predilection of dumbbell neurofibroma. Therefore, nowadays, the surgical treatment in the thoracic dumbbell neurofibromas is frequently carried out by the combined approaches planned together with the thoracic surgeons. Moreover, the progression of cervical neurofibroma in the adjacency of vertebral artery of extraspinal tumor component showing an extension to the subsurface skin is a condition constituting another difficulty in terms of the surgery. Similarly, the intraabdominal and retroperitoneal organ dysfunctions can be also observed in the lumbar dumbbell neurofibroma cases, and they make the multidisciplinary-combined approaches a current issue in the surgical treatments of these cases [1, 6, 23] .
Pathology of the spinal neurofibroma
The neurofibromas are macroscopically in gray-white color, gelatinized, and in a soft form. Dissecting the nerve macroscopically from the neurofibroma is quite difficult due to the close relationship between the nerve and neurofibroma [24] . The solitary and plexiform neurofibromas showing the similar microscopic features consist of the thin and long fusiform cells dispersed between the collagen fibers within a mucopolysaccharide-rich matrix. In addition, these cells are in a uniform form and contain the hyperchromatic nucleus. While the cell density is less in the neurofibromas, they contain Schwann cells, neural fibroblasts, cells like the perineural cell, and mast cells [6] . Sometimes, some difficulties can be encountered in separating the neurofibroma from the schwannomas due to their common cell contents. The nuclear atypia and hyalinizing vascular component observed in the neurofibromas are less often determined as significant according to the schwannoma [20] . It immunohistochemically shows a positive staining feature with S100. But, the stained neurofibromas are more subtle since their immunoreactivity is less often in comparison with the schwannoma [24] . The neurofibromas show a positive staining feature in the different levels together with the epithelial membrane antigen (EMA), which is specific for the perineural cell [20] . Similarly, they have the strong staining features with the vimentin and fibronectin [25] . There is a CD34 positiveness showing immunoreactivity in the cutaneous (intraneural) neurofibromas [26] . The myelinated nerve fibers in the neurofibromas can be shown by the silvering paint and myelin paint.
Clinical presentations of the spinal neurofibroma
The spinal neurofibromas are generally asymptomatic when they are small. The unilateral radicular ache is the most frequently observed symptom with the rate of 80% in early phases of the disease since most of them are originated from the spinal dorsal nerve roots. The paradoxical ache is characterized as increasing during rest and nights. This condition depends on the venous return difficulty developed while sleeping. The other paresthesia symptoms can accompany to this table. Moreover, the deep sensory losses can be also observed as a result of affecting the posterior column. The tumor growing in the intradural extramedullary distance leads to the long-tract findings by making the spinal cord pressure in advanced stages of the disease. The muscle strength losses-motor deficits-observed at the rate of 30% in the spinal neurofibroma cases mostly occur as a result of affecting the lateral and anterior columns by the tumor. The sphincter disorders developed depending on the involvement of autonomous ways are observed at the rate of 25%. The other neurologic deficits can generally develop approximately 3-5 years later following the radicular ache in the spinal neurofibromas like in the other intradural tumors [1, 6, 27] .
The tumor's extraspinal component can wrap the peripheral tissues by growing and cause the additional symptoms by making pressure in the dumbbell neurofibroma cases. The neck ache and suboccipital headache can be observed in the cervical localized tumors [28] . The tumors showing an extension to the chest cavity can lead to the respiratory distress by making pressure to the air conduction ways. The patients are asymptomatic for a long time in the dumbbell tumors showing an intraabdominal growth. However, the intraabdominal tumor leads to the related organ dysfunction symptoms by making the displacement and pressure in the abdominal organs when it reaches the big or huge sizes. The ache spreading from the abdomen toward the lumbar region can be seen in the big tumors showing an extension to the retroperitoneal region [29, 30] .
Neurodiagnostic techniques of the spinal neurofibroma
There are variations that will have made a diagnosis in 50% of the cases in the direct graphies. The most frequently seen vertebra radiographies findings are pedicle erosion and scalloping in the vertebral corpus. The enlargement of the interpedicular distance and foramen can regularly and indirectly show a dumbbell tumor existence [27, 31] . It had been notified that the whole block was observed in 50% of the cases and 83% of the myelographic defects were intradural in the myelographic examination [27] . The most used important radiologic imaging method is MRI in order to detect the prevalence of disease, reveal the intraspinal and extraspinal components of spinal neurofibromas in details, evaluate the complications to be developed in the postoperative period, and detect the tumor recurrence in the cases with NF1. The spinal neurofibromas give an isointense or hypointense appearance in the spinal T1-MRIs and give a hyperintense appearance in the spinal T2-MRIs [27, 31] . The extraspinal tumor component's extensions to the lateral together with the dumbbell neurofibroma's specific appearances can be shown better by the spinal MRI. Moreover, imaging the dumbbell neurofibroma's paravertebral extension and pressure by showing an extension to the adjacent organs by the MRI is quite important in planning the surgical approaches. The MR images of our one NF1 case with multiple dumbbell neurofibromas (cervical, thoracic, and lumbar regions) are presented in Figure 1 [22] .
Radiological alterations of the tumors' growth
The spinal neurofibroma holds the contrast in a significant and homogenous way when its size is small [27, 31] . Especially, the cystic degeneration and hemorrhage fields can be observed depending on the vascular thrombosis and necrosis developed as long as the tumor grows in the plexiform neurofibromas [32] . Therefore, the big dimensional neurofibromas especially present a heterogeneous appearance in the T1-weighted sequences due to the degenerative variations and pseudocystic fields [33] . Moreover, while the regions are observed as a hyperintense in the T2-weighted sequences since the myxoid degeneration is observed in it, the fields showing the collagenous fibrous tissue give a hypointense appearance. Similarly, the heterogeneous contrast involvement is observed in the big spinal neurofibromas [30] .
Surgical treatment of the spinal neurofibromas 4.1 General surgical principles of the spinal and dumbbell neurofibromas
The neurofibromas consist of a mixture of the proliferous nerve sheath originating from the perineural fibroblasts. The neurofibromas extend to the fascicules by surrounding the axons. The surgical cleavage plan loss develops between the nerve fibers and tumor as a result of the fascicule's complete involvement with the tumor in the neurofibroma cases. This condition constitutes a foundation of the difficulties in the spinal neurofibroma surgery. The axons surrounded by the tumor are generally taken together with the tumor during the surgery. However, the fascicules, in which the tumor shows an extension but is not completely held, can be most often separated by dissecting the tumor during the surgery, and thus, they can be protected [34, 35] . The MR images of our patient, in which the intraspinal tumor component of the cervical dumbbell neurofibroma was surgically removed, are presented in Figure 2 [22] .
The aim in the spinal neurofibromas' surgical treatments is to remove the tumor totally. The nerve root and nerve showing involvement by the tumor are required to be sufficiently exposed in the first stage of the surgery since the spinal neurofibromas are mostly originated from the nerve root. Then, these neural elements should be separated by the sensitive dissection from the tumor, and the total resection should be made to the tumor in the last stage of the surgery. But, nerve root can be sacrificed especially in the patients, in which neural elements' dissection cannot be achieved.
The total removal of the single solitary neurofibroma surgically is relatively easier. But, the difficulties can be encountered in taking these tumors surgically since they are characterized by the multiple tumors in the plexiform neurofibromas, especially accompanying to the NF1. The postoperative neurologic deficit development risk is much more according to the spinal schwannoma resections in the multiple spinal neurofibroma resections due to more than one nerve fiber involvements. Therefore, the activities in the muscles innerved by the functional nerves should be followed up by using the intraoperative EMG monitorization in order to prevent the postoperative neurodeficit development. Moreover, these fascicules can be enlightened whether they are the motor function with the intraoperative electrical stimulation applied to the fascicules by the tumor. The total tumor resection is rarely applied in the plexiform neurofibroma cases [36] . Therefore, removing the symptomatic tumors primarily is suggested in the multiple spinal neurofibroma cases accompanying to the NF1 [37] . For this purpose, the spinal axis regions, to which the surgical intervention will be applied, should be researched and revealed by both the detailed radiologic imaging methods to be made in the preoperative period and detailed neurophysiologic tests.
Sacrificing the nerve root will not cause an additional neurologic deficit for the patient since the nerve root is already nonfunctional due to the degeneration in the multiple neurofibroma cases accompanying to the NF1 and show a malign degeneration [37] . But, protecting the spinal radicular arteries progressing together with them while sacrificing the nerve root is quite important in order to avoid the spinal cord ischemia that will be preoperatively able to develop [38] . The nerve fibers' large part is held by the tumor, especially in the big or giant dimensional dumbbell neurofibroma cases, and it is unfeasible to take these tumors without sacrificing the root. Consequently, the total resections of these big or huge dimensional dumbbell neurofibromas are surgically concluded by the serious neurologic deficits. Therefore, it should be contented with a partial resection of the tumor, in which the neural structures are protected as far as possible in these cases [27, 31, 37] . On the other hand, even the symptomatic spinal neurofibromas are surgically taken in the cases with NF1; the reoperations can be required in these cases as a result of becoming symptomatic by growing the localized asymptomatic spinal neurofibromas in the other regions [27, 31] .
Surgical approach review
Surgical approach of the cervical spinal neurofibromas
The spinal neurofibromas are generally tumors showing a concentric enlargement throughout the spinal nerve [1] . Especially, the spinal cord and nerve roots should be protected during the cervical dumbbell tumors' surgical resections. Moreover, the vertebral artery is also required to be brought under control, especially during the surgery due to the cervical dumbbell tumors' close relationship. The customized ideal surgical approach should be determined, and the tumor should be totally taken by taking the tumor size and spreading pattern into consideration in order to decrease the recurrence rate to be developed due to the cervical dumbbell tumor's insufficient resection. Moreover, the spinal instability risk to be developed should be preoperatively and/or intraoperatively taken into consideration, and if needed, the cervical fusion should be made in the same session [1, 39] .
The important difficulties are encountered in the cervical dumbbell tumors' surgical treatment due to the tumor's close adjacency to the vertebral artery and sheath and the vertebral body's involvement. Therefore, various surgical approaches had been defined in order to take these tumors surgically. McCormick had described a single-stage posterior approach for cervical dumbbell tumors. In this approach, a single segmented facetectomy and hemilaminectomy had been used. However, there are also limitations to the single-stage posterior approach. It had been notified between them that the extraspinal component's extension to the tumor's lateral was not required to be more and the component showing an extension to the lateral was required to be maximum 3 cm beginning from the dural sac margin [40] . But, the tumor is not totally taken by the single-stage posterior approach for the cervical dumbbell tumors exceeding these nerves.
A combined posteroanterior approach is totally required to take the tumors, of which extraspinal extension is big in this manner [41, 42] . The surgery duration is longer in this single-stage approach, and intraoperative hemorrhage is much more observed. The combined posteroanterior approach had been planned as two-stage by Mohd Ariff et al. in order to eliminate the excessive hemorrhage risk arising from the surgery duration's length [43] . The cervical dumbbell tumor's intraspinal component is firstly taken by the posterior approach in this approach. Then, by giving a length of time, it is gained time for the spinal cord edema's resorption. In the second stage, the tumor's extraspinal component is taken by the anterior approach [1] . Jiang et al. had notified the Peking University Third Hospital classification that facilitates the surgical approach planning according to the cervical dumbbell tumors' localization and extension pattern based upon the preoperative MRI or CT images. This classification had been described in two stages. In the first stage of this classification, the regions, in which the tumor is localized, had been divided into five groups, and the regions, in which these tumors extended, had been divided into four groups. In the second stage, seven groups had been constituted according to the tumor localization's combination and extension regions, and the suggested surgical approach patterns had been indicated for these seven groups [41] . In the course of time, the lateral approaches had become to be preferred much more by the neurosurgeons instead of the (single-stage or two-stage) combined (instead of postero-anterior approach) approaches because the lateral approaches provide wider exposure to the spinal axis' lateral, intervertebral foramen and extraforaminal regions in the single session [44] .
The first lateral approach had been used by Verbiest in the cervical spondylosis surgery [45] . The various anterolateral approaches had been developed by modifying this lateral approach in the course of time and had been especially used in the cervical tumors' surgical treatments [45] [46] [47] . However, these declared anterolateral approaches are the approaches generally and technically containing a difficulty and bearing an injury risk in the adjacent nerves to the vertebral artery and tumor [42] . The transparaspinal approach had been described by Onesti in order to avoid these risk factors and take the paraspinal tumors totally without the necessity of anterior surgery. In this single-stage approach, the vertebra lateral is completely dominated by the combination of cutting the paraspinal muscles with a transverse incision together with the laminectomy. All of the paraspinal tumors localized in the vertebra lateral can be taken by this approach independently from the tumor size. It is a rapid approach that can be used throughout the whole spinal axis as an advantage of this approach. Its disadvantage is that it cannot be used in the dumbbell tumors making an anterior spinal cord pressure since the spinal cord anterior is not seen sufficient with this approach [42] .
The extensive posterolateral exposure had been defined by Zhao in 2009 in order to totally take the cervical dumbbell tumors, of which huge extraforaminal component is especially found. It had been notified by this approach that the total tumor resection was made in 16 cases with cervical dumbbell tumor. In this approach, the total lateral mass resection and laminectomy had been used. It had been notified by this approach that the tumors' most lateral part could be reached by the posterolateral wide exposure. Moreover, it had been also notified by this approach that separating tumor from vertebral artery could be easily achieved and tumor component could be resected since it showed an extension to the lateral vertebral body [48, 49] .
Surgical approach of the thoracic spinal neurofibromas
The thoracic dumbbell tumors are relatively rarely seen. Taking the thoracic dumbbell tumors surgically shows a difficulty since there are two pieces of extraspinal and intraspinal tumor components connected through the foramen. Therefore, the various approaches had been defined in the course of time in order to take the thoracic dumbbell tumors. The size and position of the thoracic dumbbell tumors and extraspinal components are the most important factors in deciding the surgical approach [50, 51] . In the course of time, although there are various classifications developed by taking these criteria into consideration, nowadays, Eden's classification had been the most frequently preferred one by the neurosurgeons in deciding to the surgical approach [51] .
The single-stage posterior approach is frequently preferred in order to take the dumbbell tumor's intraspinal component in the cases having Eden type II and type III tumors according to this classification. The two-stage combined posteroanterior approach is frequently preferred in the cases having a centrally located tumor such as Eden type IV, of which the extraforaminal tumor component is big [51] . The single-stage posterior approach is frequently preferred in the cases, of which extraspinal component is small. The detailed information is obtained about the important peritumoral structures' involvements with the tumor such as the arteries found in the adjacency of the tumor by making 3D-CT scanning in the preoperative period. The patient is taken into surgery under the general anesthesia and in prone position. Then, records of SSEPs and MEPs of patient are monitored by neuromonitorization.
Surgical Principles for Spinal and Paraspinal Neurofibromas DOI: http://dx.doi.org/10.5772/intechopen.85760
The paraspinal muscles are subperiosteally dissected after a median vertical skin incision in the posterior. The intraspinal component including the tumor's part in the foramen is revealed by making the total facetectomy following the total laminectomy. Then, the costotransverse joint, costa, and transverse process found in the affected side are revealed. The costotransversectomy is made and the tumor's extraspinal component is reached. The dura is opened by the microsurgery method since the tumor's intradural component is firstly required to be taken in the spinal neurofibroma surgery, and the tumor's intradural component is observed. The tumor is firstly separated by the microdissection from the spinal cord and then from the nerve roots. But, the thoracic nerve roots that cannot be separated from the tumor due to the cohesiveness despite the dissection can be sacrificed in this stage of the surgery. Sacrificing the other thoracic nerve roots excluding the T1 nerve root, a part of the brachial plexus, is generally and functionally tolerated better. Nevertheless, when required, the intraoperative stimulation can be also used in this stage in order to evaluate whether the related nerve functions are protected. The tumor's foraminal component is mostly taken by resecting the region together with the surrounding dura. In this stage, the radicular artery's progression coming into existence from the descending aorta's segmental intercostal branches by passing through the foramen toward the spinal cord should be paid attention to, and this artery should be protected in order to avoid the spinal cord damage [52] [53] [54] [55] .
The combined posteroanterior approach made by the laminectomy and thoracotomy had been described for total resection of the tumor, of which big extraspinal component is found in the chest cavity. This is a two-stage approach, and the laminectomy and costotransversectomy are firstly made by a neurosurgeon with the posterior approach, and the tumor's extraspinal part is taken. Then, the tumor's extraspinal big component is taken by a thoracic surgeon by making the thoracotomy with the anterior approach. An arcuate arc incision is used. One piece of costa part, which is found between the costochondral junction and costotransverse joint, is taken by making it independent from the surrounding tissues. Next, the parietal pleura is opened in the costa bed, and the chest cavity is entered. The lung, which is found on the side in which the surgery is made, is damped with the help of a double-lumen endotracheal tube. The tumor's big extraspinal component found in the chest cavity is taken after providing the sufficient view field [55, 56] . The remaining spinal cord's dura defect is closed as waterproof by the duraplasty made with the help of dura graft after taking the thoracic dumbbell tumor and sacrificing all of the nerve roots affected. Then, the fibrin tissue adhesives are put on it, and the fatty tissue obtained from the subcutaneous tissue is located in this field.
In the course of time, the open thoracotomy gives its place to the thoracoscopic interventions that are more minimally invasive intervention depending on the developments in the endoscopy field. In 1999, it had been firstly notified that the thoracic dumbbell neurofibroma was taken by Citow et al. with the singlestage combined laminectomy and thoracoscopy approach. It had been notified between the advantages of this approach that the potential morbidity observed in the thoracotomy was not observed in this approach and, moreover, the wide muscle dissection observed in the single-stage posterior approach was not needed in this approach, and consequently, the postoperative ache was less often [57] . In 2001, Konno et al. had notified that there were three dumbbell neurofibroma cases and two paraspinal neurofibroma cases that they similarly treated by the single-stage combined laminectomy and thoracoscopy approach. It had been also indicated that the extraforaminal component could be safely and successfully taken by the thoracoscopy and the instability risk following the unilateral laminectomy and medial facetectomy used in this approach was low, and consequently, the fusion was not required. But, it had been notified as a disadvantage of this approach that the chest tubes to be specially used in the postoperative period had many complication risks such as the postoperative ache, pulmonary infection, and pulmonary dysfunction [58] .
The T1 nerve root is a part of the brachial plexus and progresses in the adjacency of subclavian artery and vertebral artery. It had been notified that the T1 nerve root dumbbell tumors had a serious hemorrhage risk depending on these big artery injuries during surgically taking the tumor due to the cohesiveness to the big arteries such as subclavian artery and vertebral artery. Also, while sacrificing the other thoracic nerve roots except the T1 can be functionally tolerated due to the tumor cohesiveness, sacrificing the T1 root, a part of the brachial plexus, cannot be functionally tolerated. Therefore, it is especially required to protect the T1 nerve root in dumbbell tumor surgery. As specified above, a standard surgical approach had not been notified in the surgery of dumbbell tumors arising from the T1 nerve root having the different functional and anatomic features rather than the other thoracic nerves [59] .
In the course of time, the video-assisted thoracic surgery (VATS), a minimal invasive intervention, had been described by the thoracic surgeons as a result of the developments in the video technology field. In 2015, the T1 nerve root dumbbell tumor had been safely taken by Ohya et al. for the first time with the posterior spinal surgical combination applied after the VATS. In this combined approach, the subclavian artery and vertebral arteries are firstly assured by the thoracic surgeons by making them independent from the T1 nerve root by using the VATS in the anterior approach. Thus, the serious hemorrhages to be developed depending on these artery injuries will have been prevented during the posterior spinal surgery that will be subsequently applied. The tumor is taken by making the partial costotransversectomy in the posterior spinal surgery. It had been indicated that 3D-CT was required to be used in the preoperative period in order to evaluate the tumor's relationship with the structures in the adjacency of it in details in the cases, for which this combined approach was planned [59] . Moreover, in these cases, it had been also notified that the intraoperative stimulation and neuromonitorization were required to be used in order to evaluate whether the T1 nerve function was protected.
In 2018, comparative analyses of the single-stage posterior approach used in those having Eden type II and type III tumors and combined laminectomy and thoracoscopy used in those having Eden type IV tumor had been made in the cases having the thoracic dumbbell neurofibroma in a retrospective study declared by Li YW et al. In conclusion, it had been indicated that the thoracic dumbbell neurofibromas could be effectively and safely taken by both the surgical approaches. However, it had been also notified that the single-stage posterior approach's operative results were better than the combined laminectomy and thoracoscopy approach and the complications related to the approach pattern were less often observed [60] .
Surgical approach of the lumbar spinal neurofibromas
The lumbar dumbbell neurofibromas show an extension to the abdomen cavity from the paraspinal muscles and retroperitoneal field and can wrap the surrounding of abdominal organs. These tumors symptomatically make pressure to the abdominal organs with the organ dysfunction findings when they reached the big or huge sizes since they usually show an intraabdominal asymptomatic growth [61, 62] . While the lumbar dumbbell tumors' intraspinal part is taken by posterior approach, big dimensional extraspinal part is especially taken by the anterior approach [62, 63] . But, the common iliac vein laceration, renal pedicle avulsions, and massive hemorrhages had been notified by the single-stage anterior approach, in which the total resection of the dumbbell tumor's intraspinal and extraspinal DOI: http://dx.doi.org /10.5772/intechopen.85760 components was planned [64, 65] . Therefore, the combined posteroanterior approaches had become a current issue, especially for the big or huge dimensional lumbar dumbbell tumors.
The lumbar dumbbell tumors' extraspinal part can reach the big and huge sizes in the retroperitoneal field and intraabdominal region. Park et al. had used the "huge" term for the tumors, of which size exceeds 2.5 cm beginning from the extraspinal component's dural margin [66] . On the contrary, many neurosurgeons had notified that using the "huge" tumor term would be more appropriate in the case where the tumor's extraspinal component caused a pushing or pressure in the retroperitoneal and/or internal organs when they were shown by the radiologic examinations [64] . The surgical approaches used in the conditions, in which the lumbar dumbbell tumors' extraspinal component was big, had been notified in limited number in the literature, and not any guideline describing the surgical approaches to be selected according to the tumor's localization and spreading patterns had been notified. The combined posteroanterior approach had been generally used in taking the big dumbbell tumors. In this approach, the tumor's intraspinal component had been firstly taken by the posterior approach. Then, the anterior approach had been made together with a general surgeon or urologist included in the surgery, and the retroperitoneal and/or intraabdominal components, by which the tumor showed an extraspinal extension, had been taken [67, 68] . There are disadvantages such as being long of the operation duration and being more of the intraoperative hemorrhage amount in the single-stage combined posteroanterior approaches.
Therefore, the single-stage extensive posterior approach, a posterolateral approach pattern, had been developed in the lumbar dumbbell tumors, of which extraspinal component was especially big like in the surgery of cervical and thoracic dumbbell tumors instead of the combined posteroanterior approach. In this approach, a midline skin incision is made like in posterior approach. But, unilateral muscle dissection is made until the transverse process lateral differently from the posterior approach. Then, a wide visual angle is obtained toward the retroperitoneal field from the lateral by making two transverse process resections. In the cases where the visual angle is insufficient despite the transverse process resection, the paraspinal muscles are longitudinally cut by making a second subcutaneous incision in the lateral, and thus, the paraspinal approach is carried out. After revealing the tumor's extraspinal component in this manner, the intraspinal component is also revealed by making the unilateral laminectomy and facetectomy in the second stage. The tumor's intraspinal component is firstly taken following the stages specified in the combined posteroanterior approach. Then, the cohesiveness of the tumor's extraspinal component with the retroperitoneal and intraabdominal organs is tried to be separated as far as possible by making a blunt dissection, and the extraspinal component is taken by resecting gross totally and/or totally. Sometimes, the debulking can be applied in order to minimize the tumor size in the lumbar dumbbell tumors having a huge extraspinal component [64] .
Management of the postoperative complications in the spinal neurofibroma
Spinal deformity and instability
It had been notified that the cervical instability developed in 20% of the cases as a result of the posterior surgical approaches applied in the cervical spinal neurofibromas. Moreover, it had been also notified that scoliosis or kyphoscoliosis developed at the rate of 50% when the fusion is not made in the cases, in which the facetectomy is applied and cervical instability is observed. Therefore, the fusion surgery should be added in the intraoperative period, or the fusion should be made in the essential cases by making a close radiologic follow-up to the patients in the postoperative period in order to prevent the cervical instability to be developed after the posterior approach surgeries [41] . The thoracic instability development risk is quite low even in the combined posteroanterior approaches, in which the total facetectomy and costotransversectomy are made in the thoracic spinal neurofibroma cases. Generally, the fusion is not needed. The principal factor preventing the instability in the thoracic region is originated from a more stable nature of the thoracic spinal axis compared to the cervical and lumbar regions [50, 69] . But, the transpedicular stabilization can be made by putting a pedicle screw following the reconstruction made by putting a cage or bone strut to the defective field when the vertebra destruction developed as a result of the tumor pressure in the adjacency of vertebra body observed in the thoracic paravertebral neurofibroma cases showing an extension to the lateral [64] . The fusion with the similar instrumentation is planned since the postoperative instability development risk is high due to the thoracic vertebra scalloping lesions accompanying to the NF1 [70] . Similarly, making the stabilization with the reconstruction and instrumentation is suggested in over half of the vertebral body in the lumbar spinal neurofibroma cases when the destruction is developed by the tumor [64, 71, 72] . Moreover, the lamina reconstruction is added to the surgical approaches by using an autologous iliac crest bone or allograft in order to prevent the postlaminectomy kyphotic deformity to be developed in the cases, which are the common point of thoracic and lumbar surgical approaches, and to which more than one laminectomy is specially made [73] . In conclusion, the spinal instability risks to be developed should be preoperatively and/or intraoperatively evaluated in the spinal neurofibroma cases, and if needed, making the cervical fusion in the same session will be more appropriate [1, 39] .
Recurrence of the tumor
The recurrence rate is quite less for those, for which the total tumor resection is made in the spinal neurofibroma cases. The 5-year and 10-15-year recurrence rates had been notified as 10.7 and 28.2%, respectively, in the localized nerve sheath tumors within the cervical region accompanying the NF1 [39] . It had been also notified by Levy et al. that the recurrence was observed 3 years later in only 1 case of 66 paraspinal neurofibroma cases operated by them [37] . Fifteen patients, to whom the thoracic neurofibroma resection was made by using the single-stage posterior approach with the costotransversectomy, had been followed up for at least 5-10 years, and it had been notified that no recurrence was observed in these cases [53] . Taking the tumor totally has difficulties although the surgical approaches are described in these spinal neurofibroma cases, in which the surgical cleavage plane was lost between nerve fibers and tumor. Moreover, their close relationships with the adjacent important vascular and visceral organs especially affect the dumbbell neurofibromas' total resections in a negative way [1, 34, 35, 39] . Therefore, the tumors' relationships with the peritumoral structures such as the vertebra, costa, and arteries should be researched in details by the MRI and 3D-CT images that will be made in the preoperative period for the spinal neurofibroma cases in order to prevent tumor recurrence, and the appropriate surgical approach should be selected [54] . Although the protection of the held nerve roots is always given precedence, sometimes, the total resection cannot be achieved. Therefore, especially insufficient tumor resections are the most important factor causing the increase in the tumor recurrence. Moreover, it had been notified that the tumor recurrence was generally asymptomatic in the cases accompanying to the NF1. The most important factor in deciding to the surgery in the recurrence cases is whether the patients are symptomatic or not. The surgical tumor resection should be planned in the symptomatic cases [ 
Protection of the nerve roots and fascicules
The fascicules, to which the tumors show an extension but in which they are not completely held in the spinal neurofibroma surgery, can be most often separated and protected by dissecting the tumor during the surgery [34, 35] . However, the nerve roots' protection problems increase, and the nerve root can be sacrificed in the cases, in which dumbbell tumor formation is especially observed. In the literature, in the cases of cervical dumbbell neurofibromas operated with combined posteroanterior approach, the rate of protection of the nerve root has been reported as 18% [44] . Sacrificing the T1 nerve root participated in the brachial plexus together with the cervical and lumbar spinal roots cannot be functionally tolerated better for the patients in the surgery and causes the neurodeficits at the different levels. However, sacrificing the thoracic nerve roots is generally tolerated better in the patients. Therefore, the intraoperative stimulation and neuromonitorization are required to be used in order to detect the functional fascicules during the surgery in the neurofibroma cases, especially arising from the cervical, lumbar, and T1 nerve root [44, 74] .
Techniques of the artery protection
The tumor's extraspinal component can show a close adjacency with the vertebral artery in the cervical dumbbell neurofibromas. The vertebral artery is generally pushed toward the anteromedial due to the tumor's extraspinal component. There is mostly a thin periosteum layer and perivertebral venous plexus layer between the tumor and vertebral artery. If the dissection is made from this surgical cleavage region, the ischemic injury probability is much more limited [75, 76] . Adamkiewicz artery should be specially paid attention for not being injured in order to protect it from the serious spinal cord ischemia in the inferior thoracic surgery and upper lumbar region dumbbell neurofibroma cases. Therefore, the enucleation should be made, and the aorta's segmental arteries should be protected in order to minimize the tumor size, especially in the resections of the dumbbell tumors' foraminal and extraforaminal components [64, 77] .
Cerebrospinal fluid leakage and intralodge hemorrhage
The incision on the nerve root is taken forward by making a dural incision toward the medial during the dumbbell neurofibroma surgery. Following sacrificing the tumor resection and nerve root, the dura defect is closed to the intervertebral foramen by filling the fibrin tissue adhesive and fat. In this approach, the lateral mass fixation is used by mostly using the lateral mass instrumentation. The cerebrospinal fluid leakage can be observed in the cases, in which the dural defect cannot be successfully made. Moreover, the hemorrhage, hemothorax, and/or intraabdominal hemorrhage can be observed depending on the surgery's duration length, especially in the combined posteroanterior approaches. One piece of a hemorrhagic drain inside of the lodge in the posterior and one piece of an intraabdominal drain in the anterior should be placed at the end of surgery in order to prevent these complications to be developed in the postoperative period [50, 52, 58, 59, 64, 69] .
Prognosis of the spinal neurofibromas
The patients' lifetimes are quite long depending on the tumor's benign nature in the spinal neurofibroma. The most important factor affecting the prognosis in the spinal neurofibroma cases is tumor's surgical resection pattern. The prognosis is exceptionally good in the cases, in which the total resection is made. The ache complaint is completely recovered in 80% of the cases after the total resection, and the whole remission is provided in 60% of the cases. The tumor recurrence is quite rarely observed in the cases, in which the total resection is made. It had been notified that the recurrence was observed 3 years later on only 1 case of 66 paraspinal neurofibroma cases operated by Levy et al. [37, 40] . Another factor affecting the prognosis is the functional nerve roots' protection during the surgery. In this point, the tumor's localization comes into prominence much more. The thoracic spinal neurofibroma cases' prognosis is better since it is functionally tolerated in most cases by sacrificing the thoracic nerve root [75] . Another prognostic factor is the spinal instability developed depending on the vertebral deformities. Causing the destruction by the tumor's extraspinal component in the intervertebral foramen and the vertebral body lateral leads to spinal instability, especially in the dumbbell neurofibroma cases. Moreover, the total laminectomy, total facetectomy, costotransversectomy, and multiple costa resections made depending on the surgical approach pattern can also lead to spinal instability. The vertebral scalloping lesions observed in patients with NF1 independent from the spinal neurofibroma also cause spinal instability [53, 77] . Making the fusion surgery with the intraoperative instrumentation will positively affect the prognosis in these tables. Therefore, the customized surgical approach should be planned depending on the tumor's localization and extension pattern in the cases with spinal neurofibroma.
Conclusion
In conclusion, a customized ideal surgical approach should be determined, and the tumor should be totally taken by taking the tumor's size and spreading pattern into consideration in order to decrease the recurrence rate to be developed due to the tumor's insufficient resection in the spinal neurofibroma cases. The surgical tumor resection should be carried out in company with the intraoperative stimulation and neuromonitorization. Moreover, if possible, the reconstruction and fusion surgery with instrumentation should be also made in the same session in the cases having a spinal instability risk to be developed.
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